In recent years, arsenic pollution has seriously harmed human health. Arsenic-containing waste should be treated to render it harmless and immobilized to form a stable, solid material. Scorodite (iron arsenate) is recognized as the best solid arsenic material in the world. It has the advantages of high arsenic content, good stability, and a low iron/arsenic molar ratio. However, scorodite can decompose and release arsenic in a neutral and alkaline environment. Ferroferric oxide (Fe 3 O 4 ) is a common iron oxide that is insoluble in acid and alkali solutions. Coating a Fe 3 O 4 shell that is acid-and alkali-resistant on the surface of scorodite crystals will improve the stability of the material. In this study, a scorodite@Fe 3 O 4 core-shell structure material was synthesized. The synthesized core-shell material was detected by X-ray diffraction (XRD), scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), Raman, and energy-dispersive X-ray spectroscopy (EDS) techniques, and the composition and structure were confirmed. The synthesis condition and forming process were analyzed. Long-term leaching tests were conducted to evaluate the stability of the synthesized scorodite@Fe 3 O 4 . The results indicate that the scorodite@Fe 3 O 4 had excellent stability after 20 days of exposure to neutral and weakly alkaline solutions. The inert Fe 3 O 4 shell could prevent the scorodite core from corrosion by the external solution. The scorodite@Fe 3 O 4 core-shell structure material was suitable for the immobilization of arsenic and has potential application prospects for the treatment of arsenic-containing waste.
Introduction
Arsenic is a toxic element because it is bioaccumulative and carcinogenic [1] [2] [3] . It has been reported that there is a worldwide arsenic problem in the groundwater of more than 20 countries and regions [4] . In recent years, arsenic poisoning has occurred frequently and arsenic pollution has seriously harmed human health [5, 6] . The problem of arsenic pollution has attracted wide attention [7, 8] . There are very few arsenic compounds in nature; most of the arsenic is symbiotic in the form of sulfides in nonferrous metal ores [9] . Arsenic is brought into industrial systems as part of the mining and smelting of nonferrous metal ore [10, 11] . Most of the arsenic pollution comes from the nonferrous metal smelting industry [12] . Nonferrous metal smelting is the main source of arsenic-containing waste [13] . Improper disposal of arsenic-containing waste is one of the important causes of arsenic contamination [14] . The problem of arsenic pollution limits the development of the nonferrous metal smelting industry [15] . Reasonable and effective treatment of arsenic-containing waste is an urgent problem to be solved [16] .
The treatment of arsenic pollution is mainly to prevent the diffusion of arsenic into soil and water [17] . Arsenic that has entered the natural environment should be removed and recycled as much Table 1 . Components of dust and leaching liquid (Data are provided as means +/− scanning electron microscopy (SEM); n = 3).
Elements
As K Al Zn Na
Dust (wt %) 42.3 ± 1.0 0.6 ± 0.1 0.1 ± 0.0 0.5 ± 0.1 0.3 ± 0.1 Leach liquid (g·L -1 ) 22.5 ± 2.2 0.6 ± 0.2 0.01 ± 0.0 0.01 ± 0.0 0.2 ± 0.1
Scorodite Synthesis
The scorodite was synthesized by injecting oxygen into an aqueous solution containing As(V) and Fe(II) ions at approximately 90 • C, as previously reported (Equation (2)) [29] . Aqueous As(V) solution was derived from the leaching of smelting dust. The concentration of As(V) was detected before every experiment. The pH of the reaction solution was adjusted to −0.3 by 98% H 2 SO 4 (1 mol·L -1 H 2 SO 4 solution). First, 1 L of the leaching liquid, in which the concentration of As(V) was 22.5 ± 2.2 g·L -1 and the Fe/As molar ratio was 1.5, was prepared in a 3-necked flask by adding FeSO 4 ·7H 2 O to the As(V) solution. The solution was heated and stirred at 1000 rpm until it attained the reaction temperature. Next, O 2 gas was injected into the solution. The reaction was continued for 10 h at 90 • C, then the O 2 gas and stirring were stopped. The solution was kept at 90 • C for 24 h. After cooling to room temperature, the suspension was filtered by Whatman paper (6 µm), washed with distilled water, and dried. The dried filtrate was scorodite.
Scorodite@Fe 3 O 4 Synthesis
The synthesized scorodite was dispersed in deionized water in a 500 mL flask. The solution in the flask was protected by nitrogen (N 2 ). FeSO 4 ·7H 2 O and FeCl 3 ·6H 2 O were added to the flask and dissolved in 300 mL distilled water. The molar ratios of Fe ions (Fe 2+ + Fe 3+ ) and scorodite were 1:100 (1%), 5:100 (5%), and 9:100 (9%). The molar ratio of FeSO 4 ·7H 2 O and FeCl 3 ·6H 2 O was 1:2. The solution was stirred with N 2 protected at 30 • C. NH 3 ·H 2 O was dropped into the solution to the specified pH value (7, 8, 9, 10, and 11) or a NaOH solution was dropped into the solution to pH 12. The reaction was continued for a specified time (15, 25, and 35 min, respectively) . Finally, the suspension was filtered by Whatman paper (6 µm), washed with distilled water, and dried. The dried filtrate was scorodite@Fe 3 O 4 core-shell material coating (Equation (3)).
The reactions of this study were as follows:
Characterization
The morphology of the synthesized products was observed by field emission scanning electron microscopy (FESEM; S-4800, Hitachi, Tokyo, Japan). The component element and content of products were measured by energy-dispersive X-ray spectroscopy (EDS) on an EDAXTLS attachment with an operating voltage of 30 kV. X-ray photoelectron spectroscopy (XPS) spectra were recorded using an ESCALAB 250Xi system (Thermo Fisher Scientific, Waltham, MA, USA). X-ray diffraction (XRD) patterns were collected using a Bruker D8 diffraction instrument with Cu Kα radiation (40 kV, 40 mA, Billerica, MA, USA). Raman spectra were recorded on a Jobin-Yvon HR800 instrument (Horiba, Kyoto, Japan) with an Ar + laser source of 532 nm wavelength in a macroscopic configuration. XRD, XPS, and Raman analyses were used to detect the scorodite and Fe 3 O 4 [37] [38] [39] [40] [41] [42] [43] .
Stability Evaluation of Products
Leaching tests were conducted to examine the leachability of the precipitates according to toxicity characterization leaching procedure (TCLP) tests (EPA, 1994) [29] . An acidic leaching solution was prepared by combining glacial acetic acid (5.7 mL) and NaOH solution (64.3 mL, 1 mol·L -1 ) sequentially added to 500 mL of distilled water and then diluted to 1 L to reach pH 4.93 ± 0.05. The NaOH solution of pH 9.30 was used as an alkaline solution for the leaching tests; 1 mol·L -1 NaOH solution was added dropwise to the aqueous solution until the predetermined pH value was reached. The ionic strength of both leaching solutions was lower than 0.1 mol/kg.
The operating procedures of the leaching tests are briefly described here. The samples were placed in Polytetrafluoroethylene (PTFE) bottles with leaching solution at a liquid-to-solid (L/S) mass ratio of 20:1. The mass of the sample was 10 g and the volume of the leaching solution was 200 mL. The leaching tests were conducted for 20 days for the HAc and NaOH solutions. The temperature was maintained at 25 • C during the leaching tests. After leaching, the supernatant was collected by 0.8 µm quantitative filter paper, and the concentrations of arsenic and iron in the leaching solutions were determined using inductively coupled plasma optical emission spectroscopy (ICP-OES; Optima 5300DV, PerkinElmer, Waltham, MA, USA). The detection wavelength of As was 188.98 nm and the detection limit of As was 0.01 mg·L -1 . [37] . The high intensity of the diffraction peak indicated its high crystallinity. XPS analysis (Figure 1b) showed the peak at 712.40 eV attributed to the Fe 2p of scorodite [38] . Figure 1c shows the Raman spectrum of synthesized scorodite. Four strong bands appeared at~799,~889,~180, and~421 cm -1 . while some weak bands appeared at~135,~243,~291,~336,~378, and~450 cm -1 . The results were consistent with studies of Coleyshaw [39] and Das [40] , indicating that the synthesized scorodite had high purity. SEM images (Figure 1d -f) show the morphology of synthesized scorodite. The scorodite crystals were spindle-shaped, the length was over 100 µm, and the diameter was about 30 µm. The surface of the synthesized scorodite was smooth. The cause of spindle-shaped scorodite formation was inhibition of the growth of (111) and (200) lattice planes because of the high H + concentration solution. H + could limit the formation and growth of (111) and (200) lattice planes; (212) lattice plane was the main lattice and grew, forming the spindle-shaped scorodite [40] . 
Results and Discussion

Characterization of the Scorodite
Characterization of Scorodite@Fe3O4
The synthesized core-shell materials under certain conditions were characterized to determine the composition (initial Fe ions/scorodite molar ratio = 9%; initial reaction pH = 8; reaction time = 30 min). XRD analysis (Figure 2a ) showed the characteristic peaks of scorodite@Fe3O4. Compared with Figure 1a , the main peaks of scorodite located at approximately 19.8°, 28.0°, 15.8°, and 29.1° remained. The characteristic peaks of Fe3O4 located at approximately 35.4°, 62.6°, and 30.2° are consistent with the standard card of Fe3O4 (JCPDS No. 65-3107) [42] . The XRD pattern indicated that the Fe3O4 was synthesized successfully (Equation (2)). XPS is a surface-sensitive technique, probing the outermost 5-10 nm of the sample. From Figure 2b , Fe 2p is detected at 709.0 eV, and the satellite peak is located at 722.0 eV, corresponding to previous reports on Fe3O4 [43] . Moreover, by Raman analysis (Figure 2c ), the characteristic peaks of scorodite remained. The peaks at 331, 524, and 670 cm -1 represent the existence of Fe3O4 as previously reported [44] . In summary, Fe3O4 was synthesized successfully, and the final products should have a scorodite/Fe3O4 composition. In order to determine whether the products had the desired core-shell structure, further tests were conducted. 
Morphology of Scorodite@Fe3O4
In order to figure out whether the products had a core-shell structure, SEM measurements were made. As shown in Figure 3 , SEM images show the morphology of samples synthesized under different conditions. The results in Figure 3 show that core-shell structure materials were formed successfully as designed. Compared with Figure 1e , Figure 3a -c show that the scorodite could not be 
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Morphology of Scorodite@Fe 3 O 4
In order to figure out whether the products had a core-shell structure, SEM measurements were made. As shown in Figure 3 , SEM images show the morphology of samples synthesized under different conditions. The results in Figure 3 show that core-shell structure materials were formed successfully Coatings 2019, 9, 523 6 of 12 as designed. Compared with Figure 1e , Figure 3a -c show that the scorodite could not be completely coated by Fe 3 O 4 particles when the initial Fe ions/scorodite molar ratio was 1%, but could be when it was 9%. The reason was that there was not enough Fe 3 O 4 when the initial molar ratio was 1%. Figure 3b ,d,f show the sizes of Fe 3 O 4 particles on the surface:~10 nm when the reaction time was 15 min and~30 nm when the reaction time was 35 min. The SEM image of the detail of sample 2 was shown in Figure S1 . The size of Fe 3 O 4 particles increased with the increased reaction time. Larger sizes should have better crystallinity and stability. Through XRD, Raman, XPS, and SEM analyses, the core-shell structure forming process could be inferred. When the reaction pH was close to neutral, for example pH = 8, the rate of Fe 3 O 4 formation was much faster than the rate of scorodite corrosion by OH -(Equations (3) and (4)) [29] . So, the deposition of Fe 3 O 4 particles was the main behavior, and the Fe 3 O 4 shell protected the scorodite core. In summary, the core-shell structure was formed successfully at pH 7 and 8 ( Table 2 ). Figure 4 shows the morphology of samples that were synthesized in pH 11 and 12 solution. The shells were incomplete and cracked. The reaction of Fe 3 O 4 formation was too rapid when the reaction pH value was high (Equations (3) and (4)). The Fe 3 O 4 precipitation did not have enough time to form a shell on the surface of scorodite crystals. Moreover, the high-pH alkaline solution could make the scorodite (FeAsO 4 ·2H 2 O) hydrolyze (Equation (4)) [45] . Figure 4b shows that the scorodite crystals were damaged and the surface was corroded by OH -. At this time, the formed Fe 3 O 4 particles could not deposit on the surface of the scorodite crystals and form shells. Because the situation of the crystal surface was in chaos, this was the interface of mixed reactions.
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EDS Mapping Analysis of Scorodite@Fe3O4
EDS Mapping Analysis of Scorodite@Fe 3 O 4
Stability Evaluation Analysis of Scorodite@Fe3O4
The results indicated that the stability of scorodite@Fe3O4 decreased when the reaction pH was more than 10. The high pH alkaline solution could make the scorodite (FeAsO4·2H2O) hydrolyze (Equation (4) Figure S2) . Then the surface would be a Fex(OH)y-AsO4 layer. It is known that arsenical ferrihydrite has low stability and is hydrolyzed easily in acid/alkaline solution [46] . So during the leaching tests, AsO4 3-ions were released into the solution. These led to a higher leaching concentration of As than of the uncoated scorodite, because the structure of the scorodite surface was damaged by a high concentration of OH -.
According to the previous analysis, the conditions of synthesizing scorodite@Fe3O4 should be as follows: initial Fe ions/scorodite molar ratio = 9%; initial reaction pH = 7, 8, 9, and 10; and reaction time = 35 min. The samples that were synthesized under these conditions had better stability than the uncoated scorodite. Long-term leaching tests were conducted in order to evaluate the stability of these scorodite@Fe3O4 core-shell structure materials. Figure 6a shows the leaching concentrations of As extraction liquid by TCLP tests at pH 4.93 ± 0.05 from 1 to 20 days. The results show that the samples synthesized in pH 7 or 8 solution had excellent stability. The leaching concentrations of As extraction liquid were 0 and 0.29 mg·L -1 after 20 days, lower than the 9.99 mg·L -1 of uncoated scorodite. However, the samples synthesized in pH 9 or 10 solution had less stability than uncoated scorodite. Under alkaline conditions (Figure 6b ), the As leaching concentration of samples synthesized at pH 7 and 8 was kept below 2 mg·L -1 after 20 days due to the formation of a protective Table 2 shows the stability evaluation results of the synthesized scorodite@Fe 3 O 4 under different conditions. The results indicate that the stability of scorodite@Fe 3 O 4 increased with an increased amount of Fe 3 O 4 coating. The leaching concentration of As for scorodite@Fe 3 O 4 in acid and alkaline solution (pH 4.93 and 9.30) was lower than that of the uncoated scorodite when the initial Fe ions/scorodite molar ratio was 9% and the initial reaction pH was 7-10. Corresponding to the results of SEM tests, the reason was that the scorodite crystalline core could be coated better with the increased amount of Fe 3 O 4 coating. When the initial Fe ions/scorodite molar ratio was 1% and 5%, the scorodite core could not be coated completely. The results of leaching tests indicated that the stability of scorodite@Fe 3 O 4 increased with increased reaction time. When the reaction time was 35 min and the initial reaction pH was 7-10, the leaching concentration of As for scorodite@Fe 3 O 4 in acid and alkaline solution (pH 4.93 and 9.30) was lower than that of the uncoated scorodite. Fe 3 O 4 had more time to form and grow and the stability of the overall materials depended on its crystallinity. Corresponding to the results of SEM tests, the size of Fe 3 O 4 particles was~30 nm when the reaction time was 35 min, larger than the~10 nm of the 15 min reaction.
Stability Evaluation Analysis of Scorodite@Fe 3 O 4
The results indicated that the stability of scorodite@Fe 3 O 4 decreased when the reaction pH was more than 10. The high pH alkaline solution could make the scorodite (FeAsO 4 ·2H 2 O) hydrolyze (Equation (4) Figure S2 ). Then the surface would be a Fe x (OH) y -AsO 4 layer. It is known that arsenical ferrihydrite has low stability and is hydrolyzed easily in acid/alkaline solution [46] . So during the leaching tests, AsO 4 3ions were released into the solution. These led to a higher leaching concentration of As than of the uncoated scorodite, because the structure of the scorodite surface was damaged by a high concentration of OH -. According to the previous analysis, the conditions of synthesizing scorodite@Fe 3 O 4 should be as follows: initial Fe ions/scorodite molar ratio = 9%; initial reaction pH = 7, 8, 9, and 10; and reaction time = 35 min. The samples that were synthesized under these conditions had better stability than the uncoated scorodite. Long-term leaching tests were conducted in order to evaluate the stability of these scorodite@Fe 3 O 4 core-shell structure materials. Figure 6a shows the leaching concentrations of As extraction liquid by TCLP tests at pH 4.93 ± 0.05 from 1 to 20 days. The results show that the samples synthesized in pH 7 or 8 solution had excellent stability. The leaching concentrations of As extraction liquid were 0 and 0.29 mg·L -1 after 20 days, lower than the 9.99 mg·L -1 of uncoated scorodite. However, the samples synthesized in pH 9 or 10 solution had less stability than uncoated scorodite. Under alkaline conditions (Figure 6b ), the As leaching concentration of samples synthesized at pH 7 and 8 was kept below 2 mg·L -1 after 20 days due to the formation of a protective Fe 3 O 4 shell. It is known that Fe 3 O 4 is chemically inert in alkaline solution. For the uncoated scorodite hydrolyzed in the alkaline solution, the leaching concentration of As was 42.43 mg·L -1 after 20 days.
Combined with the analysis above, the reason why scorodite@Fe 3 O 4 had excellent stability was that the inert Fe 3 O 4 shell could prevent the scorodite core from being corroded by the external solution. When the reaction pH was 7 or 8, the rate of Fe 3 O 4 formation was much faster than the rate of scorodite corrosion by OH -(Equations (3) and (4)). Thus, the deposition of Fe 3 O 4 particles was the main behavior and the Fe 3 O 4 shell formed. Fe 3 O 4 could be stable in a weak acid and alkaline solution environment. This property made the overall materials stable. However, the samples synthesized in pH 9 and 10 solution were not stable enough, and the reason should be same as the previous analysis. A high concentration of OHwould increase the hydrolysis rate of scorodite, and affect the deposition of Fe3O4 shell. It is known that Fe3O4 is chemically inert in alkaline solution. For the uncoated scorodite hydrolyzed in the alkaline solution, the leaching concentration of As was 42.43 mg·L -1 after 20 days. Combined with the analysis above, the reason why scorodite@Fe3O4 had excellent stability was that the inert Fe3O4 shell could prevent the scorodite core from being corroded by the external solution. When the reaction pH was 7 or 8, the rate of Fe3O4 formation was much faster than the rate of scorodite corrosion by OH -(Equations (3) and (4)). Thus, the deposition of Fe3O4 particles was the main behavior and the Fe3O4 shell formed. Fe3O4 could be stable in a weak acid and alkaline solution environment. This property made the overall materials stable. However, the samples synthesized in pH 9 and 10 solution were not stable enough, and the reason should be same as the previous analysis. A high concentration of OHwould increase the hydrolysis rate of scorodite, and affect the deposition of Fe3O4 particles, and as a result the shell could not form. Meanwhile, an unstable Fex(OH)y-AsO4 layer formed. During the leaching tests, the Fex(OH)y-AsO4 dissolved and released As ions. Hence, the stability of the samples was lower than that of uncoated scorodite. The leaching concentration of As extraction liquid in weak acid and alkaline solution was 0 mg·L -1 after 20 days. 
Conclusions
Scorodite@Fe3O4 core-shell structure materials were synthesized by a simple method. The scorodite crystals were synthesized first, then the Fe3O4 nanoparticles were produced and deposited on the surface of the scorodite crystals, and finally Fe3O4 shells formed. Through XRD, SEM, XPS, Raman, and EDS analysis of the synthesized core-shell materials, it was confirmed the core was FeAsO4·2H2O and the shell was Fe3O4. Through SEM analysis and leaching tests, the best synthesis condition was confirmed. The initial Fe ions/scorodite molar ratio was 9%, the initial reaction pH was 7 and 8, and the reaction time was 35 min. A long-term leaching test was conducted to evaluate the stability of these scorodite@Fe3O4 core-shell structure materials, and the results indicated that they had excellent stability. The inert Fe3O4 shell could prevent the scorodite core from being corroded by the external solution. The scorodite@Fe3O4 core-shell structure material was suitable for the immobilization of arsenic and has potential application prospects for the treatment of arseniccontaining waste.
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